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Lipid–protein interactionCholesterol is the major neutral lipid in lung surfactant, accounting for up to 8–10% of surfactant mass,
while surfactant protein SP-C (∼4.2 kDa) accounts for no more than 1–1.5% of total surfactant weight but
plays critical roles in formation and stabilization of pulmonary surfactant ﬁlms. It has been reported that
surfactant protein SP-C interacts with cholesterol in lipid/protein interfacial ﬁlms and this interaction could
have a potential role on modulating surfactant function. In the present study, we have analyzed the effect
of cholesterol on the structure, orientation and dynamic properties of SP-C embedded in physiologically
relevant model membranes. The presence of cholesterol does not induce substantial changes in the
secondary structure of SP-C, as analyzed by Attenuated Reﬂection Fourier Transformed Infrared
spectroscopy (ATR-FTIR). However, the presence of cholesterol modiﬁes the orientation of the
transmembrane helix and the dynamic properties of the protein, as demonstrated by hydrogen/deuterium
exchange kinetics. The effect of cholesterol on SP-C reconstituted in zwitterionic, entirely ﬂuid, membranes
made of POPC (palmitoyloleoylphospatidylcholine) or in anionic membranes with coexistence of ordered
and disordered phases, such as those made of dipalmitoylphosphatidylcholine (DPPC):POPC:Palmitoylo-
leoylphosphatidylglycerol (POPG) (50:25:15) is dual. Cholesterol decreases the exposure of the protein to
the aqueous environment and the tilt of its transmembrane helical segment up to a ratio Cholesterol:SP-C
of 4.8 and 2.4 (mol/mol) in the two lipid systems tested, respectively, and it increases the exposure and tilt
at higher cholesterol proportions. The results presented here suggest the existence of an interaction
between SP-C and cholesterol-enriched phases, with consequences on the behavior of the protein, which
could be of relevance for cholesterol-dependent structure–function relationships in pulmonary surfactant
membranes and ﬁlms.© 2009 Elsevier B.V. All rights reserved.1. IntroductionPulmonary surfactant is a complex mixture of lipids and proteins
whose main function is to reduce the surface tension at the alveolar
air–liquid interface of lungs in order to avoid alveolar collapse at the
end of expiration and to facilitate the work of breathing. The lack,
deﬁciency or inactivation of this essential material is the cause of
severe respiratory disorders, sometimes lethal, such as the Neonatal
Respiratory Distress Syndrome (NRDS) [1] or the pulmonary
dysfunction associated with the Acute Respiratory Distress Syndrome
(ARDS) in cases of lung injury [2].
Pulmonary surfactant is composed in most mammals by about 90%
of lipids, mainly phospholipids, and 8–10% of proteins. About 80% of
surfactant by mass is composed of phosphatidylcholine (PC), about
half of which is dipalmitoylphosphatidylcholine (DPPC) [3]. The acidic
phospholipids, phosphatidylglycerol (PG) and phosphatidylinositol,22 650 5382.
ll rights reserved.account for 8–15% of the total surfactant phospholipid pool.
Cholesterol is the major neutral lipid component, accounting for up
to 8–10% of surfactant by weight, or as much as 20% cholesterol/
phospholipid ratio in a molar basis. The phospholipid fraction within
lung surfactant and particularly DPPC is essentially responsible for the
maximal surface tension reduction upon compression. However, the
presence of proteins, particularly SP-B and SP-C, is absolutely required
for interfacial adsorption, ﬁlm stability and re-spreading capacities [4].
SP-C (∼4.2 kDa) is a very small hydrophobic polypeptide, which
results from the proteolytic processing of a large precursor along the
exocytic pathway of pulmonary surfactant in type II pneumocytes. It is
an integral membrane protein, which consists of a hydrophobic
transmembrane helix and a 10–12 amino acid extramembrane
segment, which includes 2 palmitoylated Cys at positions 5 and 6 in
most species, located at the N-terminus of the mature peptide [5]. It
accounts for no more than 1–1.5% of total surfactant weight but plays
critical roles in formation and stabilization of pulmonary surfactant
ﬁlms [6]. Although it is not absolutely required for survival, targeted
deletion of the SP-C gene (SP-C−/−) in mice leads to the deve-
1908 L. Gómez-Gil et al. / Biochimica et Biophysica Acta 1788 (2009) 1907–1915lopment of severe progressive pneumonitis within a shorter or longer
period of time after birth, depending on the genetic background [7,8].
Experimental data suggest that SP-C, principally via its palmitoylated
N-terminal segment, would be strictly required to maintain the
association of surfactant complexes (the reservoir) with the interfacial
ﬁlm at the most compressed states, those reached at the end of
expiration [6]. The SP-C-promoted attachment would then facilitate
the reinsertion of surface active molecules from the reservoirs, with
the probable critical participation of SP-B, during re-expansion
[6,9,10].
Some authors have suggested in the past the existence of SP-C/
cholesterol complexes in membranes [11,12], as well as a modulating
effect of cholesterol on the general properties of surfactant layers,
mainly through the stabilization and ﬂuidization of lipid mono- and
bilayers [11]. Recent research in our laboratory has conﬁrmed the
interaction between cholesterol and SP-C and a functional role of this
interaction in modulating the properties of the surfactant membranes
and ﬁlms (Gomez-Gil et al., submitted). However, it is not known
whether this interaction and its functional role proceed through
changes in the conformation of SP-C embedded in surfactant
membranes. The main goal of the present study is thus to gain further
knowledge on the possible conformational changes of SP-C in the
presence of cholesterol. Herein, we report the ATR-FTIR spectroscopic
characterization ofmodelmembranes containing cholesterol and SP-C.




oleoyl-sn-glycero-3[phospho-rac-(1-glycerol)] (POPG) and choles-
terol were purchased from Avanti Polar Lipids (Alabaster, AL).
Chloroform and methanol solvents, HPLC grade, were from Scharlau
(Barcelona, Spain). Surfactant protein SP-C was isolated from minced
porcine lungs as described elsewhere [13]. Quantitative protein amino
acid analyses were performed at the CIB Protein Chemistry Service
(Madrid, Spain). Puriﬁed SP-C was fully palmitoylated, as determined
by mass spectrometry measurements [14]. The proper surface activity
of the different SP-C batches was also tested by Captive Bubble
Surfactometry.
2.2. Reconstitution of lipid and lipid/protein samples
The standard lipid mixture used in this study to reconstitute
pulmonary surfactant model membranes contained POPC or DPPC:
POPC:POPG (50:25:15, w:w:w). The latter simulates the proportion of
saturated/unsaturated and zwitterionic/anionic phospholipids in
surfactant. Both mixtures were modiﬁed by adding different propor-
tions of cholesterol and surfactant protein SP-C, as described in each
set of experiments. Multilamellar membrane suspensions were
prepared by mixing the appropriate amount of protein and lipids in
chloroform/methanol 2:1; samples were then evaporated to dryness
under vacuum to form a thin ﬁlm, which was later resuspended at
51°C in the desired ﬁnal volume of 5 mM Tris/HCl buffer (pH 7)
containing 150 mM NaCl.
2.3. IR spectroscopy
Attenuated total reﬂection infrared (ATR-FTIR) spectra were
recorded in the double-sided, forward-backward mode on a Bruker
IFS55 FTIR spectrophotometer (Ettlingen, Germany) equipped with a
liquid nitrogen cooled mercury cadmium telluride (MCT) detector at a
resolution of 2 cm−1 and with an aperture of 3.5 mm. The spectro-
meter was placed on vibration-absorbing sorbothane mounts
(Edmund Industrial Optics, Barrington, NJ) and it was continuouslypurged with dry air (Whatman 75-62, Haverhill, MA). For a better
stability, the purging of the spectrometer optic compartment (5 L/min)
and the sample compartment (10–20 L/min) were dissociated and
controlled independently by ﬂowmeters (Fisher Bioblock Scientiﬁc,
Illkirch, France). The internal reﬂection element was a germanium ATR
plate (52×20×2mm,ACM,Villiers St Frédéric, France)with an aperture
angle of 45° yielding 25 internal reﬂections. 128 accumulations were
performed to improve the signal/noise ratio. For polarization experi-
ments, a Perkin-Elmer gold wire grid polarizer was positioned before
both the sample and the reference plate.
The germanium crystals were washed in Superdecontamine
(Intersciences, AS, Brussels, Belgium), rinsed with distilled water,
methanol and chloroform, and ﬁnally placed for 2 min in a plasma
cleaner PDC23G (Harrick, Ossining, NY) working under reduced air
pressure. Measurements were carried out at 22°C.
2.4. Sample preparation
Oriented multilayers were formed by slow evaporation of 100 μL of
the sample on one side of the ATR plate, yielding a semi-dry ﬁlm
bearing residual water molecules [15,16]. The ATR plate was then
sealed in a universal sample holder (Specac, Orpington, UK). Films
contained 25–50 μg of protein, with a protein/lipid ratio 10:90 (w/w)
for all the experiments.
2.5. Secondary structure determination
The determination of the secondary structure of proteins was
performed as previously described [17]. Fourier self-deconvolution
was applied with a Lorentzian line shape (FWHH=30 cm−1) to
increase resolution of the spectra in the region of the protein
absorption (1700–1600 cm−1). Apodization was then performed
with a Gaussian line shape (FWHH=15 cm−1), resulting in a so-
called “line-narrowing” factor (K) of 2.0. A least-square iterative
curve-ﬁtting was performed to ﬁt Lorentzian/Gaussian line shapes to
the spectrum between 1700 and 1600 cm−1.
2.6. 1H/2H exchange
Nitrogen gas was saturated with D2O by bubbling in a series of four
vials containing D2O at a ﬂow rate of 75 mL/min (controlled by a ﬂow
meter, Fisher Bioblock Scientiﬁc, Illkirch, France). Bubbling was
started at least 1 h before initiating the experiment. Before starting
the deuteration, ten spectra of each samplewere recorded (coaddition
of 24 scans each) to test the stability of the measurements and the
reproducibility of area determination. At zero time, the tubing was
connected to the cavity of the sealed chamber surrounding the ﬁlm.
For each kinetic time point, 24 scans were recorded and averaged at a
resolution of 2 cm−1. At the beginning of the kinetics, spectra were
recorded every 15 s. After the ﬁrst 2 min, the time interval was
increased exponentially. After 16 min, the interval between the scans
was large enough to allow the interdigitation of a second kinetic. A
second sample, placed on another ATR setup as the mirror image of
the ﬁrst one, was then analyzed with the same time sampling with a
16-min offset by connecting the D2O-saturated N2 ﬂow in series with
the ﬁrst sample [18]. From this time on, a macro program written for
OPUS (Bruker, Ettlingen, Germany) changed the shuttle position to
simultaneously follow the two kinetics.
Sharp atmospheric water absorption bands are usually observed in
long-term experiments and are superposed to the protein spectra [19].
The subtraction of the background kinetic was performed with a
subtraction coefﬁcient computed as the ratio of the area of the
atmospheric water band integrated between 1565 and 1551 cm−1 on
the sample spectrum and on the corresponding background spectrum
[20]. Once the atmospheric water bands had been removed, each
spectrum was corrected for the amino acid lateral side chain
Fig. 1. The effect of cholesterol on the H/D exchange by SP-C in POPC (●) and DPPC:
POPC:POPG (○). The exchange time was 90 min.
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determined according to a classical peak picking method. Maxima
were identiﬁed where the derivative of the spectrumwas zero and the
precise peak position was determined after curve-ﬁtting by a
polynomial of the third order as previously described [21].
The area of amide I, II and II′ were obtained by automatic
integration between 1702 and 1596, 1596 and 1502, and 1492 and
1412 cm−1, respectively. For each spectrum, the area of amide II and
amide II′ was divided by the area of amide I in order to take into
account small but signiﬁcant variations of the overall spectral
intensity due in part to the presence of D2O, which induces swelling
of the sample layer [22]. Because the ATR spectrum intensity depends
on the distance between the sample and the reﬂecting interface [23],
swelling results in a loss of a few percent for all band intensities. The
area of amide II and II′ (reported to the area of amide I) was ﬁnally
expressed between 0 and 100% for each kinetic time point. All kinetic
curves were analyzed as multiexponential decays of amide protons
using a nonlinear-least-squares procedure.
2.7. Bilayer orientation
The determination of protein molecular orientations by infrared
ATR spectroscopy has been reviewed by Fringeli and Günthard [15]Fig. 2. Evolution of the area of the SP-C amide II band in the course of 1H/2H exchange in the p
and 20% (X) cholesterol in POPC. Right panel, 0 (O), 2.5 (▿) and 10% (X) cholesterol in DP
methods for further details).and Goormaghtigh et al. [24]. The Amide I vibration is made out of
80% ν (CfO), 10% v (C–N) and 10% δ(N–H) vibrations. In an α-helix,
the main transition dipole moment, ν (CfO), lies close to a parallel to
the helix axis while in an antiparallel β-sheet the polarization is
opposite, i. e. predominantly perpendicular to the ﬁber axis [25]. It is
therefore possible to determine the mean orientation of both struc-
tures from the orientation of the peptide bond CfO group. Spectra
were recorded with parallel or perpendicular polarized incident light
and polarization was expressed as the dichroic ratio RATR=A90°/A0°.
In ATR, the dichroic ratio for an isotropic sample Riso is different from
unity and is computed on basis of the area of the lipid ester band
(1762–1716 cm−1). The mean orientation of the molecular axis with
respect to the perpendicular of the ATR plate was estimated as
described before (for a review, see [24]). In the α-helical structure,
the amide I dipole is oriented at 38° with respect to the helix axis
[26,27]. A larger absorbance for the parallel polarization (upward
deviation on the dichroism spectrum) indicates a dipole oriented
preferentially near the normal of the ATR plate. Conversely, a larger
absorbance for the perpendicular polarization (downward deviation
on the dichroism spectrum) indicates a dipole oriented approxi-
mately parallel to the ATR plate [17].
2.8. Principal component analysis
In this method, the eigen vectors of the covariance matrix of the
data are used as a new axis basis to project the spectra. The
eigenvectors are orthogonal, have no covariance and were ranked
according to the explained variance present in the data. Before
computing the covariance matrix, the mean spectrumwas subtracted
(mean centering). Principal component analysis was run on the entire
set of data (360 spectra) presented in Fig. 5, between 1800 and
1400 cm−1.
3. Results
At constant experimental conditions (pH and temperature), the
rate of hydrogen/deuterium exchange is related to the solvent
accessibility of the NH amide groups of the protein. This accessibility
is determined by the tertiary structure of the protein and the stability
of its secondary structure. In membrane proteins, accessibility to
solvent exchange is also determined by the orientation and topology
of the protein in the phospholipid bilayer matrix. The amide hydrogenresence or the absence of different concentrations of cholesterol. Left panel, 0 (O), 5 (▿)
PC:POPC:POPG. The solid line represents the ﬁt by 3 exponentials (see Materials and
Table 1








Fast (k3) 1/k1 (min) 1/k2 (min) 1/k3 (min)
DPPC:POPC:POPG 0 73 73 13 17 1.27 10.8 4106
2.5 81 82 20 1
10.4 60 67 6 30
POPC 0 71 66 5 29 1.26 29 6200
4.2 88 76 10 15
17 75 66 1 21
The maximum of the distribution were constraint to their mean values, indicated to the left of the table.
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area ratio upon deuteration of bilayers deposited from a suspension of
multilamellar vesicles of POPC:SP-C (90:10) or DPPC:POPC:POPG:SP-C
(50:25:15:10) in the absence or in the presence of increasing
concentrations of cholesterol.
The effect of cholesterol on the protein hydrogen exchange in both
model membranes is shown in Fig. 1. The number of unexchanged
bonds after 90 min varies roughly between 70 and 90% for POPC:SP-C
membranes and between 60 and 80% for DPPC:POPC:POPG:SP-C
bilayers. The minimum exchange occurred at a cholesterol to protein
molar ratio of 4.8 (5% cholesterol to phospholipid, w/w) and 2.4 (2.5%
cholesterol), respectively. The number of unexchanged bonds in SP-C
was similar in the absence of cholesterol and in the presence of 20%
cholesterol, the maximum concentration tested for the POPC vesicles.
However, the exchange was higher in the presence of 10% cholesterol,
the maximum concentration tested for the DPPC-containing vesicles.
Thus, the concentrations of 0, 5 and 20% cholesterol were selected for
further characterization of deuterium exchange kinetics in POPC
membranes, whereas 0, 2.5 and 10% were selected for the exchange in
the ternary membranes. The evolution of the Amide II/Amide I ratio
for these six samples, computed as described in Materials and
methods, is reported in Fig. 2. The exchange proceeded clearly in a
faster and more extensive way for the DPPC-containing membranes
than for the POPC vesicles, and the difference between the maximum
and minimum exchanges was also noticeable. The data points were
ﬁtted as described in Materials and methods by a set of three
exponential decays that represent the fast, medium and slow
exchanging protons (Table 1). The time constants for each proton
population were constrained to their mean value, namely k1=1.27,
k2=10.8 and k3=4100 min for DPPC:POPC:POPG:SP-C, and k1=1.26,
k2=29 and k3=6200 for POPC:SP-C membranes. The proportion of
each population is reported in Fig. 3 and Table 1 as a function of the
cholesterol content in the membranes. Overall, cholesterol seemed to
decrease the number of fast and medium rate exchanging protons and
increase the number of slow exchanging protons in the DPPC:POPC:Fig. 3. Proportion of the three exchanging populations of amide protons characterized by tim
DPPC:POPC:POPG membranes (right panel). The constraint time constants are indicated onPOPG membranes. Surprisingly, a completely different behavior was
observed in a narrow range around the molecular ratio Cholesterol:
SP-C 2.4, where the minimum exchange occurred. In this range, the
amount of fast and medium rate exchanging protons increased by
about 10% whereas that of the medium pace protons decreased by
about 20% of its value. This behavior was also observed in the POPC:
SP-C membranes around a ratio of 4, although in a less dramatic way.
Three independent experiments were repeated with the same results,
suggesting that a speciﬁc interaction occurs at that ratio.
Fig. 4 shows three representative series of spectra of the DPPC:POPC:
POPG:SP-C membranes recorded as a function of deuteration time.
There were no signiﬁcant changes detected in the 1700–1600 cm−1
region, indicating the absence of substantial structural changes, which
were also investigated in detail and will be discussed later. The decay
of the amide II band (1560–1530 cm−1) was of small amplitude, and
the band did not shift signiﬁcantly from 1543 cm−1 to 1450 cm−1,
indicating the small extent of exchange. Surprisingly, a band located
around 1590 cm−1 displayed a large and progressive amplitude
modiﬁcation in the course of the experiment. To further investigate
the relevance of this band, assigned to side chain contributions, the
different kinetics were subjected to principal component decomposi-
tion, which extracts co-varying factors from a series of spectra. The
analysis of the spectral changes occurring in the course of the exchange
shed more light on the contribution of the side chains. An example is
reported in Fig. 5 for DPPC:POPC:POPG:SP-C membranes. Two main
principal components were found. The ﬁrst component represented
95.4% of the total variance and the second one represented 3.5% of the
total variance. Interestingly, the major source of variance was not
associated with the amide exchange, as could be expected, but with a
slow and continuous increase of the band located at 1592 cm−1. The
minimum at 1673 cm−1 and the maximum at 1586 cm−1 signals the
exchange of an arginine residue [18]. On the other hand, the exchange
within the highly structured α-helix seemed to be minimal. The second
principal component, associated with the amide exchange of the amino
acid backbone in helices, displayed a strong negative contribution ate constants k1, k2 and k3 as a function of the cholesterol content in POPC (left panel) and
Table 1, and the concentration of SP-C is 10%, w/w.
Fig. 4. Series of spectra recorded in the course of 1H/2H exchange for DPPC:POPC:POPG
membranes in the presence of SP-C 10% and cholesterol 0, 2.5 and 10%, w/w. Spectra
were rescaled at 1735 cm−1 and shifted along the ordinate for a better reading.
Fig. 6. FTIR spectra of SP-C in DPPC:POPC:POPG membranes in the presence of
cholesterol 0, 2.5 and 10%, w/w. The spectra have been rescaled at 1735 cm−1.
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shape in the amide I that indicates a shift of the amide I band from 1657
to 1644 cm−1. These values are well within the range of frequencies
characteristic of deuterated helices [18,24]. It should be noted that, for
each data set, the latter evolution was very fast at the beginning but
quickly terminated while the former contribution progressed continu-
ously over the time frame of the experiment. Analysis of the evolution of
arginine exchange (PC#1) indicated that this contribution displayed a
time dependence behavior similar for all experimental conditions
except for 2.5% cholesterol, where it was negative (data not shown).
As stated above, the preliminary analysis of the spectra of the
deuterated SP-C did not reveal signiﬁcant changes in the 1700–
1600 cm−1 region. To conﬁrm that the changes in the extent of deu-
teration were not due to structural changes, the secondary structure of
the protein embedded in DPPC:POPC:POPG membranes was deter-
mined. The ATR-FTIR spectra of native SP-C in ternary DPPC:POPC:POPG
membranes in the absence or the presence of 2.5 and 10% cholesterol,
w/w, are illustrated in Fig. 6. The peaks observed around 1737 and
1500 cm−1 can be assigned, respectively, to lipid carbonyl bands andFig. 5. Principal component analysis of the 1H/2H exchange kinetics of SP-C in DPPC:POPC
presence of 0, 2.5, 5% cholesterol and 10% SP-C, w/w, were decomposed by principal compon
two principal components and their time dependent contribution to the spectra are reported
second (PC#2) principal components. The right panel reports the contribution of both p
experiments. The ﬁrst 90 spectra correspond to the absence of cholesterol, then sets of 90 spe
two spectra were recorded before the start of the deuteration and are responsible for the shvarious C–H deformations arising mainly from the lipids. The two main
peaks related directly to the absorption of proteins are Amide I and II,
observed around 1656 and 1545 cm−1, respectively. Amide I is the
most intense absorption band of the polypeptides, positioned between
1700 and 1600 cm−1. Its main components are ν(CfO), ν(C–N) and
the δ(N–H) deformation components, as described in experimental
procedures. Amide II occurs in the 1510–1580 cm−1 region and derives
mainly from the in plane N–H bending (40–60% of the potential
energy), ν(C–N) (18–40%) and ν(C–C) (∼10%).
The exact frequency of Amide I is determined by the geometry of
the polypeptide chain and hydrogen bonding. The Fourier self-
deconvolution curve-ﬁtting procedure [16] was applied to the
Amide I band of the protein spectra in DPPC:POPC:POPG membranes
in the absence or presence of the various concentrations of cholesterol
(Supplemental Fig. 1). In the absence of cholesterol, the secondary
structure of the protein was characterized by the presence of an α-
helical structure, with a major contribution arising from a band
located at 1655.7 cm−1, which made up for 84% of the total area. The
width of this bandwas 18 cm−1, a remarkably narrow contribution for:POPG membranes. A series of spectra recorded in the course of the exchange in the
ent analysis as explained in Materials and methods. Data were mean centered. The ﬁrst
, respectively, in the left and right columns. The left panel presents the ﬁrst (PC#1) and
rincipal components to series of spectra recorded in the course of 1H/2H exchange
ctra were recorded with 2.5, 5 and 10% cholesterol as indicated. For each series, the ﬁrst
arp changes observed.
Table 2
Evaluation of the secondary structure of SP-C embedded in POPC or DPPC:POPC:POPG
membranes, in the absence or the presence of cholesterol.
% Secondary structure
Molar ratio cholesterol:SP-C α-helix β-sheet Turns Random
DPPC:POPC:POPG 0 84 12 31 0
2.5 87 10 3 0
10.4 85 11 4 0
POPC 0 84 14 2 0
4.2 85 15 0 0
17 82 18 0 0
The values shown here are those obtained in the absence of cholesterol and the
maximum and minimum exchange obtained in the presence of cholesterol for each
model membrane.
Fig. 8. Polarized ATR-FTIR spectra of SP-C embedded in DPPC:POPC:POPG membranes,
in the absence (upper panel) and the presence (lower panel) of cholesterol 2.5%, w/w.
Each spectrum has been rescaled to the same amplitude.
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stable helical structure, as previously described [5,17]. The other
contributions were located at 1678.8 cm−1 (3% of the area, assigned to
turns), 1637 cm−1 (12% of the area, assigned to extended strands) and
1616 cm−1 (1% of the area, assigned to side chains). The presence of an
α-helical structure was further conﬁrmed by the Amide A and Amide
II bands observed at 3294 cm−1 and 1547 cm−1 [28,29], while the
absence of a shoulder at 1517 cm−1 was in agreement with the
absence of tyrosine residues in the protein. Overall, the secondary
structure of SP-C is in good agreement with previous NMR and FTIR
data [5,17]. No signiﬁcant changes in the different secondary
structures were detected upon the addition of increasing concentra-
tions of cholesterol, indicating that the secondary structure remains
largely the same, as seen in Table 2. Similar results were obtained in
POPC membranes (data not shown).
Moreover, the effect of cholesterol on the lipid structure was
investigated by the analysis of the position of the CH2 stretching
bands. The main thermotropic phase transition of phospholipids, such
as DPPC, can be monitored accurately by the shift of the νs(CH2) and
νas(CH2) bands reﬂecting the evolution of the lipid chain trans/
gauche ratio in the course of the transition [30,31]. Our data indicate
that the lipid chain trans/gauche ratio did not experience any
signiﬁcant change while the protein exchange rate varied (Fig. 7).
The secondary structure content of the protein was also not
affected in the presence of cholesterol. Therefore, it cannot be
responsible for the changes in deuteration. Nonetheless, the changes
observed in proton exchange could be due to changes in the
orientation of the helix within the membranes, which can be
determined by linear dichroism [15]. The spectra of SP-C inserted
into DPPC:POPC:POPG vesicles were recorded with a parallel and a
perpendicular orientation of the polarizers. The dichroic ratio of theFig. 7. Left panel, the phase transition of DPPC according to the CH2 stretching bands wave
membranes as a function of the Cholesterol:SP-C molar ratio.α-helix component of amide I was low in the absence or in the
presence of cholesterol 10%, with values of R=1.23 and 1.01,
respectively (Fig. 8). These values of the amide dichroism correspond
to either helices with a tilt around 50° or helices with a non-
particularly deﬁned tilt. Surprisingly, the dichroic ratio reached a value
of 1.64 at 2.5% cholesterol, which can be assigned to a tilt of the helix of
17° with respect to the membrane normal. It has been reported that
depalmitoylation affects the protein orientation, resulting into a
smaller tilt within themembrane (reviewed in [5]). This indicates that
structural effects affecting the orientation, membrane-association or
dynamics of the N-terminal segment of SP-C could have signiﬁcant
consequences on some properties of the transmembrane helix, such
as its tilting within the bilayer. The protein used in the present study
was fully palmitoylated, as checked by mass spectrometry, and
therefore, the observed changes cannot be attributed to differentlength; right panel, the analysis of the CH2 stretching bands in DPPC:POPC:POPG:SP-C
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and/or orientation of the N-terminal segment of the protein within
the membrane could therefore induce the change in tilting, which
could thus be responsible for the small extent of hydrogen/deuterium
exchange in the presence of 2.5% cholesterol.
4. Discussion
Hydrogen isotope exchange has long been used for the analysis of
protein structure and dynamics in the ﬁeld of membrane proteins
[32]. It is one of the main techniques capable of identifying subcellular
motional domains including fast exchanging protons of the protein
surface, slower exchanging protons of the ﬂexible (loop) regions
buried in the protein or involved in some secondary structures and the
slowly exchanging protons from the protein core formed by the most
rigid clusters (knots) of amino acids (reviewed in [33]). 1H/2H
exchange kinetics has also been widely used in the ﬁeld of membrane
proteins to characterize the protein stability in different experimental
conditions and to identify conformational changes relevant to
enzymatic catalytic cycles [20,22,34,35]. Measurement is focused on
the amide protons only, yielding data proportional to the number of
residues in the protein.
The effect of cholesterol on the hydrogen/deuterium exchange of
Surfactant Protein C has been analyzed in this study. The lipid:SP-C
ratio was kept constant at a 90:10 (w/w) ratio for all the experiments.
This ratio is higher than the physiological one, but required for this
type of experiments. It should be remarked that SP-C is relatively
prone to aggregate [36,37]. The absence of intermolecular aggregation
of the protein was assessed here by the absence of a typical
aggregation band found below 1625 cm−1 in the infrared spectrum,
as indicated in many publications, e.g. [38–40]. Infrared spectroscopy
is probably one of the most sensitive methods used to evidence
intermolecular aggregation and none could be detected in any of the
experiments described in the paper.
For the two model membranes used in this study, the extent of
deuteration was related in a non-linear fashion to the presence of
increasing concentrations of cholesterol. Signiﬁcantly, there was a
minimum H/D exchange reached in both bilayer environments. This
minimum degree of protein exposure to the solvent was reached at a
cholesterol:protein molar ratio of 4.8 (5% cholesterol, w/w) for POPC
membranes and amolar ratio of 2.4 (2.5% cholesterol) for DPPC:POPC:
POPG membranes. Due to its molecular structure, cholesterol con-
tributes to different general properties of membranes, including
modulation of ﬂuidity in lipidmono- and bilayers, or increasing stability
and impermeability of bilayers and monolayers to water [41–43].
Increasing proportions of cholesterol also induce a progressive increase
in membrane thickness, as a consequence of a reduction in the number
of trans-gauche isomerizations of the acyl chain C–C bonds associated
with thewell-known cholesterol-promoted progressive ordering effect.
The presence of cholesterol also introduces an intrinsically dynamic
component to the behavior of surfactant phospholipids in the different
surfactant membrane phases (Bernardino de la Serna, Pérez-Gil, to be
published). The effect of cholesterol on the SP-C-solvent exchange
could therefore include effects of cholesterol on membrane dynamics
itself. The progressive membrane thickening induced by cholesterol
could be responsible for a higher protection to exchange of amide
bonds from the transmembrane helix, particularly at both ends of the
helical segment. However, this effect would hardly explain why the
exchange of SP-C protons occurs at a well deﬁned maximum of
cholesterol content in themembranes, above ofwhich protein exchange
increases upon further increasing the proportion of cholesterol. The
absence of a clear correlation between the effects of cholesterol on lipid
absorption bands and the H–D exchange seems to argue against the
effects of cholesterol on the protein exchange mediated by the
membrane properties. It is more likely that the appearance of a
minimum on the exchange curve reﬂects an optimum interaction be-tweenprotein and cholesterol. Yet,we cannot discard thepossibility that
cholesterol could induce some minor changes in the order of the fatty
acyl chains, in particular in cholesterol-enriched membrane regions,
which are not detectable in the averaged infrared spectra.
Interestingly, the analysis of the proton-exchanging populations
revealed a different behavior of the protons around the described
minimum exchange cholesterol concentrations, in agreement with an
optimum interaction that affects the proton exchange. In the case of
DPPC:POPC:POPG membranes, the number of protons exchanged
decreased as the proportion of cholesterol increased from 0 to 2.4
molecules of cholesterol per molecule of SP-C and increased again at
higher concentrations of cholesterol. In the ﬁrst part of the curve, the
number of slow exchanging protons increased while the number of
fast and medium rate exchanging protons decreased. In the second
part, the number of slow exchanging protons decreased again while
the number of fast and medium rate exchanging protons increased. It
would be logical to expect that the most rapidly exchanged protons
and the medium rate ones are those located within the dynamic Nt
segment or at the ends of the transmembrane segment, and the slow
exchanging protons would be located deeper within the latter. The
N-terminal segment of SP-C can bind lipopolysaccharide with similar
afﬁnity than the whole protein [44] and it has been proposed that LPS
and cholesterol could have similar interactions in membranes [45].
Thus, an interaction of the N-terminal segment of SP-C with
cholesterol could explain the progressive decrease in proton exchange
found in the presence of increasing proportions of cholesterol, up to a
saturation point that could depend both on equilibration time and the
miscibility and availability of cholesterol within any particular
membrane system. There is evidence supporting the possibility that
SP-C and cholesterol could interact directly in surfactant membranes
and ﬁlms. Taneva et al. demonstrated on interfacial monolayers that
the effect of cholesterol and SP-C on surface pressure is not additive,
which is consistent with the formation of a SP-C/cholesterol complex
[12]. We have recently conﬁrmed this lack of additivity on the effect of
cholesterol and SP-C on the thermotropic properties of phospholipid
bilayers by calorimetry (Gomez-Gil et al., submitted). Furthermore,
recent results have shown that the presence of SP-C can shift the
phase behavior of well-characterized ternary lipid membrane models
towards regions typical of lower cholesterol contents, which is
consistent with SP-C binding and removing cholesterol from the
bulk lipid phase [46]. We speculate that the interaction of the N-
terminal segment of SP-C with cholesterol could be responsible for
both the reduction of proton exchange due to effects on the
conformation/dynamics of the N-terminal segment within the
membrane and the change in the transmembrane helix tilt. Such a
behavior would be similar to the one observed upon deacylation of
the protein [47]. It has been proposed previously that the palmitic
chains of SP-C interact with the transmembrane helical segment of
the protein with important consequences on the stability of the
helical conformation [48]. Interaction of cholesterol with the
palmitoylated N-terminal segment of SP-C could somehow uncouple
the acyl chains from the interaction with the transmembrane helix,
with consequences on the helix tilt.
Differences in maximum effect of cholesterol on SP-C-solvent
exchange when comparing the two model membranes studied here
could arise from differences in the lateral distribution of the proteins
and the sterols. In pure POPC bilayers both protein and cholesterol are
expected to distribute more or less homogeneously in the bilayers.
However, in DPPC:POPC:POPG membranes it is expected that a lateral
separation of ordered and disordered phases does occur, with SP-C
preferentially partitioning into the more disordered phase [49].
Saturation of SP-C with cholesterol in this system could therefore
depend on the particular concentration of cholesterol and protein in
the coexisting phases. On the other hand SP-C interacts selectively
with negatively-charged phospholipids [50,51], and this interaction
has conformational consequences at the N-terminal segment of the
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of SP-C could show optimal conformation to interact with cholesterol
in the presence of anionic phospholipids, giving rise to saturation of
the cholesterol/SP-C interaction at lowest sterol ratios in the
membranes.
When the proportion of cholesterol in membranes was increased
beyond that producing maximum protection of SP-C to solvent
exchange, there was a continuous and progressive increase in
exchange of the protein in both the zwitterionic POPC and the anionic
DPPC:POPC:POPG membranes. This cannot be explained as a
consequence of the mere thickening of the membranes, as this effect
should produce a further protection. A possible explanation is that the
progressive thickening of bilayers would induce a partial segregation
of the protein into protein clusters, which could be relatively prone to
solvent exchange. It has been proposed that the length of the helix in
SP-C matches perfectly the thickness of a DPPC bilayer in the ﬂuid
state [54], driving protein exclusion from the thicker DPPC gel phase
[55]. The cholesterol-promoted increase in membrane thickness could
ﬁrst induce a signiﬁcant decrease in the tilt of the helical transmem-
brane segment, as it has been observed in the present study. Further
increase of thickening could destabilize the miscibility of the protein
in the lipid and promote its segregation and clustering. These protein
clusters could introduce membrane packing defects and progressively
facilitate water penetration and protein–solvent exchange. Choles-
terol has been shown to promote coexistence of two distinct
micrometer-sized ﬂuid phases (ﬂuid ordered and ﬂuid disordered-
like) in bilayer membranes made of native pulmonary surfactant at
physiological temperatures, with a lipid composition roughly similar
to that of our model membranes [49]. It has been suggested that the
lateral structure of surfactant membranes under physiological condi-
tions likely provides a particular structural and dynamic framework
for the biophysical function of surfactant proteins. SP-C would be
preferentially located in the ﬂuid disordered-like phase at physiolo-
gical concentrations of cholesterol but could move into the interphase
between lipid phases [56], where it could be more accessible to the
solvent, when cholesterol concentrations are high enough. The
transmembrane section of the protein could become more exposed
to solvent at the packing defects between ordered and disordered
phases. The dichroic ratio obtained at high concentrations of
cholesterol could also be an indication of a higher level of disorder
within the helix which could also facilitate the access of solvent and
thus the hydrogen exchange.
The PCA analysis revealed in this study the importance of the
single Arginine residue in the protein at the critical concentrations of
cholesterol. The Lys–Arg dibasic pair at positions 11 and 12 is strictly
conserved in the amino acid sequences of SP-C from human, porcine,
and many other species [5]. It is located at the very beginning of the
α-helix that extends from residue 9 to residue 34. The very peculiar
behavior of the exchange of the Arg residue at 2.5% cholesterol in
DPPC:POPC:POPG membranes revealed an abrupt change in the
exposure of arginine to the solvent. The Arginine residues are usually
characterized by a rapid H/D exchange, due to the high exposure of
its side chain to the solvent [57]. The side chain of arginines can even
been used as an internal probe to determine the degree of solvation in
their surroundings [58]. The fact that it exchanged slowly could mean
that it is involved in stabilizing hydrogen bonds, including possible
interactions with the hydroxylic group of cholesterol. On the other
hand, the exchange within the highly structured α-helix seemed to
be minimal. The second principal component, associated with
deuterated helices, contributed very little to the overall exchange
and the Amide II peak did not shift signiﬁcantly to smaller
wavenumbers. These results point to the importance of the extra-
helical motifs in SP-C to deﬁne the environment-dependent ﬂexibility
and dynamics of the protein as well as the participation of SP-C in
speciﬁc potentially relevant molecular interactions with other lipid or
protein components of surfactant.In conclusion, the work presented in this study provides some
interesting insights on a direct interaction between cholesterol and
SP-C and a good example of the dependence of the orientation and
dynamics of the protein on the levels of certain surfactant compo-
nents. It has been suggested that incorporation into surfactant of
exacerbated levels of cholesterol has a deleterious effect on surface
activity [12,59] and that inactivation of surfactant in certain pa-
thologies correlates with presence in surfactant complexes of
abnormal levels of neutral lipids, mainly cholesterol [26,60]. In a
recent paper, we have shown how the optimal surface performance of
surfactant requires a proper balance between the content of SP-C and
cholesterol (Gomez-Gil et al., submitted). The data from the present
study illustrate how the pathological alteration of surfactant composi-
tion may not only alter the properties of surfactant membranes and
ﬁlms themselves, as it has been largely shown, but more importantly,
perturb signiﬁcantly the orientation, distribution and dynamics of
surfactant proteins. It has been proposed that surfactant proteins SP-B
and SP-C promote pulmonary surfactant transformations acting as
real catalysts, stabilizing the transient structures required for the
lipids to transfer efﬁciently between the different bilayer structures
and the interfacial ﬁlms [61]. Alteration of the proper lipid environ-
ment of the proteins may therefore amplify pathogenic effects, whose
understanding will facilitate the design and development of new
improved therapeutic strategies.
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